Background and aims: Combination therapy with infliximab and azathioprine has been shown to be superior to either treatment alone in Crohn's disease (CD). However, the benefit of combining adalimumab with an immunomodulator remains controversial. The aim of this study was to compare the efficacy of adalimumab monotherapy with combination therapy for induction and maintenance of response and remission in CD using a meta-analysis of the current literature. Methods: We performed a systematic literature search using Medline, Embase, Cochrane and several other databases. Prospective randomized controlled trials, retrospective cohort and case-controlled studies were included. The primary outcomes included induction of response and remission (up to week 12), maintenance of clinical response and remission (1 year) and the need for dose escalation. Several subgroup and sensitivity analyses were performed. Results: Eighteen out of 2743 retrieved studies were included. A meta-analysis of 7 studies assessing induction of remission (n = 1984) showed that ADA monotherapy was inferior to Abbreviations: CD, Crohn's disease; UC, ulcerative colitis; ADA, adalimumab; IFX, Infliximab; AZA, azathioprine; CDAI, Crohn's disease activity index; HBI, Harvey Bradshaw Index; 6-TGN, 6-thioguanine nucleotides.
Introduction
Monoclonal anti-TNF antibodies (infliximab, adalimumab, certolizumab) have become a mainstay of inflammatory bowel disease (IBD therapy) since their introduction into clinical practice. These medications are effective for induction and maintenance of remission in Crohn's disease (CD), with remission rates ranging from 38 to 80% for infliximab. Higher rates are reported for clinical response. [1] [2] [3] [4] [5] [6] [7] In Crohn's disease, a combination of infliximab with azathioprine has been shown to be significantly superior to either medication alone, with 56.8% of the patients on combination therapy achieving corticosteroid-free clinical remission at week 26, as compared with 44.4% receiving infliximab alone (p = 0.02) and 30.0% receiving azathioprine alone (p b 0.001). 8 Combination therapy was associated with significantly higher trough infliximab levels and significantly diminished formation of anti-infliximab antibodies. [9] [10] [11] [12] [13] However, it is still unclear whether such combination therapy with other anti-TNF antibodies has a similar therapeutic benefit. The efficacy of adalimumab monotherapy versus a combination of ADA with an immunomodulator was never examined in a randomized controlled trial. Nevertheless, a significant amount of data on the efficacy of ADA with or without concomitant immunomodulators has accumulated from prospective and retrospective studies and case series. In the present study, we aimed to perform a meta-analysis comparing the efficacy of adalimumab monotherapy with combination therapy using an immunomodulator for induction and maintenance of response and remission in CD.
Methods

Eligibility criteria
Randomized controlled trials, open-label prospective, observational studies, cohort and case-control studies were included. We excluded case reports, studies with less than 30 patients, pediatric studies, studies pertaining exclusively to pregnant or postoperative patients, studies evaluating closure or healing of fistulae as a primary outcome, and studies evaluating a combination therapy of ADA and a surgical or pharmacological intervention other than an immunomnodulator. In addition, studies on mixed Crohn's and ulcerative colitis (UC) or unclassified IBD (UIBD) patients were excluded unless the treatment and outcome data was separately available for CD.
Also excluded were studies in which the outcomes could not be stratified by ADA monotherapy and combination therapy, either from publication text or by contacting the authors directly. Other available sources of unpublished data (gray literature) were also searched, where available through cross-referencing. Recursive searches and cross-referencing were carried out using a "similar articles" function; bibliography of the articles identified after an initial search were also manually reviewed. Articles citing eligible studies were retrieved using Web of Science and Scopus and screened. Data extraction and quality control were done independently by two reviewers (UK and TA). A third reviewer was involved if conflict occurred. When additional data was required, first and last authors of the corresponding manuscript were contacted by email with relevant questions; an additional query was sent if no response was received. Methodological quality of the included studies was evaluated by using the NewcastleOttawa scale. 14 
Search strategy
Outcome measures
The efficacy of adalimumab alone as compared to combination therapy was assessed for the following outcomes: 
Quality assessment
Quality of studies was assessed using the Newcastle-Ottawa Scale for assessment of quality of studies with the highest obtainable score of 9. 13 A score of equal or more than 6 was defined as high quality.
Statistical analysis
In randomized placebo controlled studies, only patients in the treatment arm were analyzed. When several treatment arms using different doses of ADA were reported in the study, we have combined the active treatment groups for analysis.
Summary outcomes are described as proportions and 95% CI for categorical and weighted mean difference ± SD for continuous data. A meta-analysis of intention-to-treat data was done using the random model Mantel-Haenszel method. P-values b 0.05 were considered significant. The significance and extent of statistical heterogeneity were calculated using the Q test and I2 index, respectively. Odds ratios (OR) were calculated for each analysis with the corresponding 95% confidence intervals.
Funnel plot was used to detect the possibility of publication bias. We also planned to perform sensitivity analyses based on the quality and weight of the trials, and by excluding each individual trial in turn as recommended by Cochrane Collaboration open learning material for reviewers. 15 Subgroup analyses were also planned based on the follow up period in different studies.
All statistical analyses were done using RevMan 5.0.25, Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2008 and R version 2.13.0, (R Foundation for Statistical Computing, Vienna, Austria, 2008). The PRISMA statement outline for reporting systematic reviews and meta-analyses was used to report this work. 16 All studies were of high quality as defined by a score of 6 or higher in Newcastle-Ottawa Scale. Table 1 shows the methodological and clinical details for each trial. Fig. 2 describes the funnel plot for the analysis of publication bias; no major visual asymmetry in this diagram indicates the low likelihood of major publication bias. The first or last authors of six studies provided further data after being contacted by the authors. 19 
Results
Characteristics of included trials
Safety
The reported complications were stratified by the use of concomitant immunomodulators in 3 studies only. Karmiris et al. 23 reported a similar risk of serious adverse effects in patients on monotherapy and combination therapy; the risk Figure 1 Selection of included studies. * -unavailable outcome data/no stratification by concomitant immunomodulator; the data was not available after contacting the authors. 27 reported a single serious adverse effect (pneumonia requiring hospitalization in an intensive care unit) in a cohort of 207 CD patients; the affected patient was treated with monotherapy. Kestens et al. 1 reported a similar rate of opportunistic infections in patients on monotherapy and combination therapy.
We could not perform a meta-analysis of the safety data due to variable definitions of adverse effects, different study designs and small number of patients with reported outcomes.
Discussion
In this meta-analysis, we have demonstrated that combination therapy with adalimumab is associated with a mildly increased probability to achieve clinical remission by week 12. This superiority was eliminated if only RCTs were included or if the largest available study was excluded. Combination with an immunomodulator did not impact the rate of clinical remission after one year of treatment or the need for dose escalation.
In the SONIC trial, the combination therapy with IFX and azathioprine was significantly superior to either medication alone for induction of clinical response. The difference was significant at week 26, and continued to be significant through week 52 of the study. The main mechanism likely to explain the superiority of combination therapy over monotherapy with IFX is the impact of the concomitant immunomodulator on immunogenicity as manifested by production of anti-infliximab antibodies and the resulting decrease in serum trough levels. Incidence of antibodies to IFX has been reported to be as high as 61% 32 for patients on episodic therapy but also as high as 50% in patients on scheduled treatment. 9, 33 Anti-infliximab antibodies, especially in high titers, are associated with lower serum trough levels of IFX, higher prevalence of loss of response and infusion reactions. 32, 34 In the SONIC trial, patients on IFX monotherapy had median trough levels of serum infliximab of 1.6 μg per milliliter compared to 3.5 μg per milliliter for those in the combination-therapy group (P b 0.001) at week 30; antibodies were detected in 0.9% of the patients on combination therapy and 14.6% of the patients on monotherapy.
10 Similar association of concomitant immunosuppression with reduced Figure 2 Funnel plot for estimation of heterogeneity. Figure 3 Odds ratios for induction of clinical remission and response.
immunogenicity of infliximab was also demonstrated in several additional studies. [35] [36] [37] Moreover, addition of an immunomodulator resulted in a disappearance of existing anti-infliximab antibodies that was paralleled by a reemergence of clinical response in a small case series of CD patients. 38 Adalimumab is also associated with formation of anti-drug antibodies. Initially, the reported rate of antibody formation was 9.2%, 39 significantly lower than for infliximab. However, later studies utilizing different laboratory techniques (modified enzyme-linked immunosorbent assay (ELISA), radioimmune assay, mobility shift assay) reported rates as high as 44%. 40 An association of antiadalimumab antibodies with diminished drug levels and clinical response has been observed in patients with IBD, psoriasis and rheumatoid arthritis. [40] [41] [42] [43] [44] In a large retrospective study from Belgium, concomitant immunomodulator therapy did not impact trough adalimumab levels or the incidence of anti-adalimumab antibodies. 23 In the CLASSIC I and II studies, patients on concomitant immunosuppression had numerically higher serum trough ADA levels that did not reach statistical significance. 45 One of the other possible mechanisms behind the beneficial effect of a combination therapy with IFX is a transient elevation of thiopurine metabolite levels (6-thioguanine (6-TGN)) when IFX is added to maintenance thiopurine therapy. 46 6-TGN levels are significantly correlated with clinical response to thiopurines in IBD. 47 However, no impact on 6-TGN levels was demonstrated for combination of ADA with a thiopurine. 48 Our findings demonstrate a mildly increased probability of induction of remission in patients on a combination therapy, but without a long-term impact on either maintenance of remission or need of need for dose escalation. Interestingly, these results are different from the experience in rheumatoid arthritis, where a superior efficacy of combination therapy (ADA + MTX) in comparison to each therapy alone has been clearly demonstrated in randomized controlled studies; moreover, a clear dose effect of MTX in such combination has been reported. [49] [50] [51] The optimal duration of concomitant immunosuppression with IFX is debated. In a cohort of CD patients that have achieved clinical remission on combination therapy, discontinuation of AZA did not lead to a higher rate of dose escalation or IFX failure after 2 years of follow-up. However, trough levels of IFX were lower, and CRP levels were higher, in patients who discontinued AZA. 52 Our findings do not suggest that there is a benefit in combining ADA with an immunomodulator beyond the initial induction phase. A potentially increased risk of infectious and malignant complications Figure 4 Odds ratios for maintenance of clinical remission and response. Figure 5 Odds ratios for need for dose escalation.
(lymphoma in particular) with combination therapy needs to be taken into consideration whenever such a treatment is suggested. 53 Short-term safety data available for our analysis was very limited; however, a recent study that analyzed the malignancy-related safety data from a pooled analysis of data from 1594 patients with CD who participated in clinical trials of adalimumab (CLASSIC I and II, CHARM, GAIN, EXTEND, and ADHERE studies; 3050 patient years of exposure) reported an increased risk of malignancy in patients on combination therapy (malignancies other than non melanoma skin cancer (NMSC) -relative risk, 2.82; 95% CI, 1.07-7.44; and for NMSCrelative risk, 3.46; 95% CI, 1.08-11.06). 54 In our meta-analysis, we have limited our outcomes to one year of follow-up, as longer-term longitudinal data is scarcely available. However, data from the ADHERE cohort, which is an open-label extension study that prospectively follows up the cohort of patients originally enrolled in the CHARM study, 5 the rates of steroid-free remission were similar in patients with or without concomitant immunosuppression at baseline after 3 years of follow-up. 55 To the best of our knowledge, this work is the first attempt to evaluate the efficacy of a combination of adalimumab with an immunomodulator in CD across a wide range of clinical trials. We have implied a stringent methodology with predefined inclusion criteria and have addressed several of the clinically important outcomes. The included studies were all of high quality and included randomized controlled studies, prospective open-label studies and retrospective reports. We planned and executed several subgroup analyses in order to minimize the impact of a particular study or an inferior study design.
Our meta-analysis has several important limitations. Only one of the included studies was aimed directly at comparison of treatments outcomes between monotherapy and combination therapy. 27 Even though we had included 5 RCTs, the patients included in the patients were not randomized by concomitant immunomodulator treatment, and we could not adequately control for important confounders such as disease phenotype, previous anti-TNF treatment, type of immunomodulator, timing of initiation and duration of concomitant immunomodulation, previous surgery and smoking. Administration of double immunosuppressive treatment to patients who present with a more severe disease is common practice, and it is plausible that stratification by disease severity or other confounders could identify patient groups that may benefit from combination therapy.
In summary, our meta-analysis suggests that a combination of adalimumab with an immunomodulator is potentially mildly more effective then adalimumab monotherapy for induction of clinical remission, however no long-term impact of combination therapy on maintenance of clinical remission, response or need for dose escalation. These findings should be interpreted with caution and validation is needed from a randomized controlled trial.
